INTRODUCTION
bined with a harvest to remove the fragments from the lake (Pieterse and Murphy, 1990) . However, small fragments often remain in the lakes and in some cases the mechanical strain of the harvest can increase the amount of small fragments (M. Hoffmann, personal observation) .
Some studies showed that E. nuttallii prefers specific environmental conditions, for example low light intensities or warm water temperatures (Kunii, 1982; Kunii, 1984a; Jones et al., 2000; Mazej, 2014) . Those studies also indicated that environmental factors can affect E. nuttallii fragments by accelerating or inhibiting their growth. Consequently, some environmental conditions might increase the efficiency of mechanical management methods, especially the cutting and harvesting, by reducing the regenerative capacity and survivability of fragments of E. nuttallii. The presented study was conducted to investigate this possibility, more precisely to determine which environmental factors and environmental conditions can affect the regenerative capacity and survivability of fragments and therefore might affect the efficiency of mechanical control methods.
METHODS

Experimental materials
The plant material used during the experiments was collected from a mesotrophic water basin (Lake Starnberg) near the city of Munich ( Fig. 1 ; Tab. 1: WaterLake) in South Germany. Similarly, the water as well as the sediment were collected from a location in the Lake Starnberg with a large population of E. nuttallii (Fig. 1) .
Laboratory experiments
Experimental setup
The influence of water temperature, light intensity and sediment conditions on the growth and survivability of small E. nuttallii fragments was studied in three growth experiments under laboratory conditions. All experiments were conducted in 40 L aquaria fitted with pumps and filled with lake water and a 5 cm layer of lake sediment (Tab. 1: Sediment 1). Based on experiences made during previous experiments, the water in the aquaria was partially replaced every two to three weeks to prevent changes in the water quality. Prior to the experiments, E. nuttallii was cultivated under laboratory conditions for at least eight weeks. The plants were stored at a water temperature of 15°C, a 12 hour day-night rhythm and a light intensity of 215 μmol photons m -2 s -1 (measured at the water surface). After then, the aquaria were sub-divided into 24 compartments with acrylic glass to separate the plant fragments, thus simplifying the identification and measuring of the fragments. However, the sub-divisions allowed free water exchange within the aquaria. The lake water and the environmental conditions used in the experiments were the same used for cultivating E. nuttallii (Tab. 1: Water -Aquaria).
Based on observations made by the authors during various management campaigns and field experiments, four different sizes of small fragments were chosen: E. nuttallii fragments with a length between one and four nodes (including the apex) were used during the experiments. Only one fragment was taken from each plant and placed in one of the 24 compartments in the sub-divided 
Temperature experiment
The temperature experiment was designed to determine if the water temperature during mechanical management can affect the survival and the regenerative capacity of small E. nuttallii fragments. E. nuttallii fragments with one to four nodes were placed in four aquaria filled with the same sediment (Tab. 1: Sediment 1) and water (Tab. 1) used in the aquaculture and a 12 hour day-night rhythm with a constant light intensity of 215 μmol photons m -2 s -1
. Each aquarium contained 24 fragments (six of each length) which were randomly placed in one of the compartments. Two of the aquaria were stored at a water temperature of 15°C (cold water condition), the remaining two aquaria were stored at 20°C (warm water condition).
Light experiment
The aim of the light experiments was to study the effect of reduced light intensities on the survival and regenerative capacity of E. nuttallii. The experimental setup consisted of one control (100% light intensity=215 μmol photons m -2 s -1 ) and three variations in light conditions (75%=161 μmol photons m -2 s -1 , 40%=86 μmol photons m -2 s -1 and 15%=32 μmol photons m -2 s -1 ). The different light intensities were created by shading the aquaria with multiple layers of metal mesh. A total of eight aquaria, with a setup identical to the one used in the temperature experiment, were exposed to the light conditions (two aquaria per light intensity). The aquaria were stored at a temperature of 15°C.
Sediment experiment
The third experiment conducted under laboratory conditions focused on the influence of the sediment on the survival and the regenerative capacity of E. nuttallii fragments. Three different setups were used during the experiment: i) two aquaria were filled only with lake water (Tab. 1: Water -Aquaria) and remained without sediment; ii) two aquaria were filled with a 5 cm layer of the same sediment (Tab. 1: Sediment 1) used during the previous experiments; iii) two aquaria were filled with sediment collected from a location at the northern lakeshore of Lake Waging ( Fig. 1 ) dominated by Najas marina ssp. intermedia L. (Tab. 1: Sediment 2), which contained considerably higher nutrient concentrations than the sediment used during the previous experiments.
Because of the high mortalities of the fragments with one node during the previous experiments, only fragments with two, three or four nodes were used in the experimental setup. Additionally, the amount of fragments with the same length was increased to eight per aquarium. The aquaria were stored at 15°C and a 12 hour day-night rhythm with a constant light intensity of 215 μmol photons m -2 s -1
.
Field experiment
In addition to the laboratory experiments, a field study was conducted in the Lake Starnberg (Fig. 1 ). The aim of the experiment was to determine whether certain nutrients or combinations of nutrients in the sediment, can affect the regenerative capacity of E. nuttallii and therefore the success of mechanical management methods under natural conditions. The experimental setup consisted of eight aluminium trays, measuring 60 x 20 x 15 cm (width x high x depth) each with three pods (20 x 20 x 15 cm) and a volume of six L. The pods contained four L sediment collected from a location dominated by E. nuttallii (Tab. 1: Sediment 1; Fig. 1 ) and were planted with four E. nuttallii sprouts, each with an initial length of eight cm.
Apart from the control, the pods were treated with NH 4 + -fertiliser, PO 4 3-fertiliser or a combination of both. The concentration of NH 4 + and / or PO 4 3-, was increased in each compartment by 200 µg per L interstitial water by adding the corresponding amount of NH 4 Cl and Na 2 HPO 4 to the sediment. The upper surface of the compartments was covered with a 1 cm layer of nutrient free sand to avoid a direct exchange with the lake water. The controls, as well as the treated pods, were replicated six times. The aluminium trays were placed randomly on a platform at a depth of three m. The trays were deployed at the beginning of June 2010 and after one week of acclimation the total shoot length per pod was measured weekly. Seven weeks after the start of the experiment all plants were trimmed to simulate a harvest. The cut plant material was collected and the fresh weight as well as the dry weight of the material was determined. At the end of the experiment the remaining plant material was harvested and weighed.
Chemical analysis
The concentration of soluble reactive phosphorus (SRP), total phosphorus (total P), ammonium (NH 4 ) from WTW (Wissenschaftlich-Technische-Werkstätten, Weilheim, Germany) and the photometer PhotoLab S12 (WTW). The analysis of the homogenised sediment samples was carried out by AGROLAB Labor GmbH. Extractable phosphorus and total phosphorus were measured as P 2 O 5 -P using the acetate lactate method for extractable phosphorus and inductively coupled plasma optical emission spectrometry (DIN ISO EN 11885) for total phosphorus. Nitrate was measured by flow analysis (DIN ISO EN 13395-D28) and ammonia according to DIN ISO EN 38406-E5.
Statistical analysis
Statistical analysis was conducted using the free statistic software R (ver. 2.10.1, The R Foundation for Statistical Computing). Data from the measurements were analysed with two-way analysis of variance (two-way ANOVA) and LSD (Least Significant Difference) posthoc tests with Bonferroni correction to identify significant differences between groups. The interaction between the environmental conditions and the growth of E. nuttallii was analysed with a linear mixed effect model (R-package nlme). The linear mixed effect model was fitted by restricted maximum likelihood (REML) and contained a random intercept mixed effect with the subject (plant) as random. The length as function of the time and the environmental conditions and/or the amount of nodes was assumed as fixed effect for the linear mixed model.
RESULTS
Laboratory experiments
Temperature experiment
The mortality of the fragments decreased with a higher amount of initial nodes (Tab. 2). In the aquaria with a water temperature of 20°C, more than 90% of the fragments with one initial node died during the experiment. The one node fragments in the 15°C aquaria showed a higher survival rate, but still only 33% of the fragments survived. In the aquaria with 20°C 66% of the fragments with an initial length of two nodes died. The survival rate of the fragments was only slightly higher in water with 15°C. The fragments with an initial size of three or four nodes showed high survival rates and no differences in water with 15°C or 20°C. The temperature experiment revealed a significant influence of the water temperature on the growth of E. nuttallii. Fragments with two or three initial nodes grew more than two times faster and developed between 25% and 30% more biomass in aquaria with a water temperature of 20°C than fragments in the 15°C aquaria. In contrast to this, neither the longitudinal growth nor the biomass growth of the fragments with four initial nodes was affected by the water temperature.
Light experiment
The light experiment revealed considerable differences in the mortality of the fragments depending on light intensity and the amount of initial nodes. Similar to the temperature experiment, the larger fragments showed an overall higher survivability compared to the smaller fragments (Tab. 3).
Between 33% and 66% of the fragments with one initial node died during the experiment. The growth rates, especially the biomass growth rates, of the fragments with one or two nodes, increased with shading. The small fragments showed the highest biomass growth rates in the aquaria with only 32 μmol photons m -2 s -1 . In contrast, the growth rate of fragments with an initial size of three or four nodes decreased with shading. Plants in aquaria with 32 μmol photons m -2 s -1 showed less than 20% longitudinal growth and only 70% to 90% biomass growth compared to the aquaria with 215 μmol photons m -2 s -1 . The linear mixed effect models, computed for the fragment with three or four initial nodes, revealed a highly significant influence of the light intensity on the longitudinal growth during the experiment (time x light intensity P<0.05). A more detailed analysis showed a significant influence of the light intensity on the longitudinal growth of the E. nuttalli fragments with four nodes in the aquaria with 32 μmol photons m -2 s -1 (time x light intensity P<0.05), 86 μmol photons m -2 s -1 (time x light intensity P<0.05) and 161 μmol photons m -2 s -1 (time x light intensity P=0.05). The data of the fragments with three initial nodes showed a highly significant influence of the light intensity on the length in the aquaria with 32, 86 and 161 μmol photons m -2 s -1 (time x light intensity P<0.05). The high mortality of the fragments with one or two nodes prohibited the analysis of the growth with linear mixed effect models.
Sediment experiment
The third experiment conducted under laboratory conditions revealed that the sediment can affect the survivability of E. nuttallii fragments. Plants in aquaria without sediments showed a mortality of 25% regardless of the amount of initial nodes. Fragments in aquaria with sediment, on the other hand, showed mortalities of only 13% or less (Tab. 4). The nutrient concentration had no verifiable influence on the mortality of the fragments. However, the nutrient concentration of the sediment affected the growth of the plants. Fragments in aquaria filled with Sediment 2, which contained a larger amount of plant available phosphorus compared to Sediment 1 (Tab. 1), showed significantly higher growth rates than plants in aquaria filled with Sediment 1 or without sediment (Tab. 4).
Field experiment
In the period before the cutting and harvesting of the plants, E. nuttallii growing on sediment treated only with a PO 4 3-fertiliser showed considerably lower longitudinal growth rates compared to the E. nuttallii plants growing on non-fertilised sediment (control) or on sediment treated with a NH 4 + and PO 4 3-or NH 4 + fertiliser (Fig. 2 , Tab. 5, P<0.05). The longitudinal growth rates of E. nuttallii after the harvest, on the other hand, were considerably higher on PO 4 3-fertilised sediment than the growth rates of the plants in compartments without fertiliser (control) or NH 4 + and PO 4 3-or NH 4 + fertilisers (Fig. 2 , Tab. 5, P<0.05). The compartments treated with a combination of NH 4 + Tab. 3. Mean relative growth rates and mortalities at the end of the light experiment. Data is shown with standard error of the mean. Casper and Krausch, 1980; Simpson, 1984) , therefore the regenerative capacity and the survivability of the fragments is crucial for its ability to colonise new areas or to recolonise harvested areas. Although some previous studies have examined the spread of E. nuttallii or the effect of management on its populations, for example Barrat-Segretain and Bornette (2000), Barrat-Segretain et al. (2002) , Nino et al. (2005) and Hoffmann et al. (2013) , none of these studies considered the influence of environmental conditions on the management methods or fragments with less than five initial nodes. Small fragments, however, are still able to regenerate (Casper and Krausch, 1980) and often remain in the lakes after a management campaign. Therefore, the results of the present study can be useful for reducing the consequences of an unintentional spread of small fragments of E. nuttallii and improving the efficiency of mechanical management.
The results of the laboratory experiments indicated that lower water temperatures during the cutting and harvesting can increase the management success. The fragments in aquaria with 20°C grew significantly faster than the plants in the aquaria with 15°C, due to the increased cellular activity of the plants (Richter, 1997) . A previous study conducted by Kunii (1982) supports this finding. Kunii (1982) showed that E. nuttallii plants in water with a temperature of 18°C grow about 1.5 times faster than fragments in water with a temperature of 12°C. The high growth rates under warm water conditions enable E. nuttallii to recover lost plant material much faster and thereTab. 4. Mean relative growth rates and mortalities at the end of the sediment experiment. Data is shown with standard error of the mean. Tab. 5. Relative growth rates, fresh weight and dry weight per compartment at the harvest and at the end of the fertilisation experiment. Data is shown with standard error of the mean. fore decrease the efficiency of the management compared to fragments in colder water. The present study showed that in warm waters only fragments with one or two nodes show an increased mortality and larger fragments is not affected. Taking into account the higher growth rates in warm water, it can be assumed that the effect of the increased mortality might be countered or even exceeded by the higher growth of the fragments. Therefore, the management of E. nuttallii has to be considered as less successful under warm water conditions and as a consequence of this E. nuttallii should be cut and harvested during a period with low water temperatures, for example early spring or late autumn, to increase the efficiency of the method. Similarly, also the findings of the light experiment support this conclusion. Overall, the experiment showed that the regenerative capacity and the survivability of E. nuttallii fragments is reduced during periods with low global irradiance (<86 μmol photons m -2 s -1 ). Although the growth rate of the small fragments (one or two nodes) increased at light intensities below 86 μmol photons m -2 s -1 , the growth rates of the larger fragments, as well as the overall survivability decreased considerably. This is in agreement with previous studies that showed how low light conditions decrease the growth rates of large E. nuttallii fragments (Kunii, 1984a; Cook and Urmi-König, 1985) . reported, in addition to this that rooted E. nuttallii developed considerably lower growth rates at light intensities below 51 µmol photons m -2 s -1 . The light conditions in lakes are affected by different parameters. The global irradiance depends on the cloud cover and more important the zenith angle of the sun. At a low angle, for example during spring or autumn, the light intensity is significantly reduced (Gege, 2012) . The light attenuation of the water on the other hand is affected by the optical properties of the water, more precisely tur- (Lee et al., 1999) . Shallow lakes in the temperate zone shift regularly between turbid and clear-water states during the year: The lakes are in a turbid state during spring and autumn, because of the dominance of phytoplankton. During summer macrophytes dominate the lakes and as a result the lakes shift to a clear-water state (Schwoerbel and Brendelberger, 2005) . Consequently, the cutting and harvesting of E. nuttallii should be most successful during the cold water period in spring and autumn, because of the low zenith angle of the sun and the natural occurrence of turbidity.
Although the cutting and harvesting of E. nuttallii during spring and autumn seems less effective than a management during summer, when the plant biomass reaches its maximum, an early, respectively late, management has various advantages, apart from the low temperature and light intensity. Cutting and harvesting E. nuttallii during spring, for example, favours slow growing, native macrophytes by suppressing the extensive growth of E. nuttallii plants. A management during autumn, on the other hand, reduces the amount of fragments during winter and therefore affects the spread of E. nuttallii plants during the next vegetation period. Due to the vegetative reproduction behaviour of E. nuttallii, a sufficient amount of E. nuttallii fragments has to survive the winter to enable the recolonisation of the lake (Casper and Krausch, 1980; Kunii, 1981; Kunii, 1984b) . Therefore, a reduction of the fragments in the lakes before/during winter also affects the ability of E. nuttallii to recolonise the lake in the following year.
The results of the sediment experiment in the laboratory and the field indicate that the efficiency of cutting and harvesting in lakes depends on the nutrient concentration in the sediment. Although, E. nuttallii prefers to absorb nutrients through the shoots (Eugelink, 1998; Angelstein and Schubert, 2008) , the laboratory experiment revealed that the absence of sediment (or extremely nutrient poor sediment) can decrease the survivability and growth of E. nuttallii fragments, if the water is rather nutrient poor. Similar findings were reported in previous studies, which examined the influence of nutrients on the growth of large fragments or rooted E. nuttallii, e.g. Best et al. (1996) , Eugelink (1998) , Özbay (2001) . Furthermore, the field experiment and studies by Best et al. (1996) and Özbay (2001) showed that, apart from the amount, the composition of nutrients, more precisely the phosphorus-nitrate ratio in the sediment, has a significant influence on the growth and regenerative capacity of E. nuttallii. Although phosphorus is the limiting factor in aquatic ecosystems (Schwoerbel and Brendelberger, 2005) , the results of the studies indicated that high PO 4 3-concentration in the sediment inhibit the growth of established E. nuttallii plants. On the other hand, Rolland and Tremolieres (1995) and Nagasaka (2004) showed that a slow but continuous addition of PO 4 3-or higher concentrations of NH4 + increase the growth of established E. nuttallii plants. In addition to these findings, the present study revealed that an increased PO 4 3-concentration in the sediment can significantly increase the growth (regenerative capacity) of E. nuttallii fragment after a harvest. Kunii (1981) and Barrat-Segretain et al. (1999) indicated that the different growth rates before and after the harvest are the result of differences in the development of whole plants and plant fragments. Consequently, an analysis of the lake sediment, more precisely the nutrient concentration and composition, can be used to improve the management of E. nuttallii. Depending on the nutrient concentration and composition, the frequency and intensity of the management can be adjusted to counter the increased growth and/or regenerative capacity of the plants. Additionally, the cutting and harvesting of the plants could be combined with different management methods, for example benthic barriers (Hoffmann et al., 2013) , to increase the efficiency and success of the management.
CONCLUSIONS
The present study proved that water temperatures, light intensity, as well as the sediment conditions affect the growth, regenerative capacity and survivability of E. nuttallii fragments. As a consequence, also the efficiency of mechanical management methods is profoundly affected by environmental conditions. Accordingly, the present results can be used to improve the mechanical management. However, each experiment focused only on one environmental condition, therefore additional research regarding the interactions between different environmental conditions might reveal further parameters or combinations of parameters which affect the regenerative capacity and survivability of E. nuttallii fragments.
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